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Renin release and renin-substrate reaction in the isolated
perfused rabbit kidney. Isolated rabbit kidneys were perfused in
a closed-circuit system at constant pressure with a medium con-
sisting of Tyrode's solution which contained 2% or 4% purified
bovine albumin and a 40% suspension of washed rabbit erythro-
cytes. The perfusion medium was free from renin substrate
(angiotensinogen. Addition of angiotensinogen to the perfu-
sion medium induced a dose-dependent increase in renal vascular
resistance within two to four mm, whereas addition of albumin
had no effect. During the first 45 mm of perfusion, renin con-
centration in the perfusate rose slightly. Reduction of the per-
fusion pressure by 40 mmllg resulted in a steep increase in
renin concentration in the perfusate. At the end of the perfusion
period, renin content of the kidneys perfused at constant pres-
sure was significantly higher than that of non-perfused control
kidneys, whereas this increase in renin content was not seen in
four of six kidneys in which perfusion pressure had been reduced
during the perfusion period. Perfusion of the isolated kidney
with an angiotensinogen-free medium is a useful method for
studying the release of renin. Under these conditions the function
of the isolated kidney can be maintained over prolonged periods
without the interference of endogenously released angiotensin.
Liberation de rénine et reaction rénine substrat dans le rein
de lapin isolé perfuse. Des reins isolés de lapin ont été perfusés,
en circuit fermé, a pression constante, avec un liquide qui
consistait en une solution de Tyrode a laquelle étaient ajoutés
2% et 4% de solution d'albumine bovine purifiée dans laquelle
40% d'érythrocytes lavés de lapin étaient mis en suspension.
Le milieu de perfusion ne contenait pas de substrat de rénine
(angiotensinogéne). L'addition d'angiotensinogéne au milieu de
perfusion déterminait une augmentation dose dépendante de la
résistance vasculaire rénale en un délai de deux a quatre minutes
alors que l'addition d'albumine n'avait pas d'effet. Durant les
45 premieres minutes de perfusion Ia concentration de rCnine
dans Ic perfusat augmentait légerement. La reduction de Ia
pression de perfusion de 40 mmHg déterminait une augmenta-
tion abrupte de Ia concentration de rénine dans Ic perfusat.
A la fin de Ia période de perfusion le contenu en rénine des
reins perfusés a pression constante était significativement
supérieur a celui des reins contrôles non perfusés, alors que
cette augmentation du contenu en rénine n'a pas été observe
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dans quatre des six reins dont Ia pression de perfusion avait
été réduite en cours de perfusion. La perfusion du rein isolé
par un liquide dépourvu d'angiotensinogêne est une methode
utile dans l'étude de la liberation de rénine. Dans ces conditions
Ia fonction du rein isolée peut être maintenue pendant des
périodes longues sans l'intervention d'angiotensine libérée
localement.
Studies on the intrarenal effects of the endogenous
renin-angiotensin system are hampered by the interference
of various extrarenal factors. For this reason the isolated
perfused kidney was considered a suitable experimental
model to obtain better insight into mechanisms that may
affect the regulation of renin release within the kidney. In
isolated dog kidneys perfused with heparinized homologous
blood, renal vascular resistance increased with the duration
of infusion [1]. In other experiments, however, a reduction
in renal vascular resistance and a diminution in the renin
substrate concentration of the perfusate were observed [2].
Whereas the elevated renal vascular resistance was explained
by an increase in renin concentration [1], the reduced resist-
ance was ascribed to the consumption of angiotensinogen
within the perfusion system [2]. In order to keep variations
in the concentration of the renin substrate under control
and to prevent any untimely reaction between renin and
angiotensinogen, a substrate-free perfusion medium was
used. Since, under such experimental conditions, renin had
no substrate to act upon, it was possible to study the release
of the enzyme and its content in the kidney, independent of
angiotensin formation.
Methods
Rabbits of both sexes, weighing between 2.5 and 3.5 kg,
were anesthetized with pentobarbital (30 to 50 mg/kg i.v.).
After a median incision of the abdomen, the left kidney was
approached and a polyethylene catheter (FE 160) was
inserted into the ureter, 5 to 6 cm distal to the renal pedicle.
After preparation of the left renal artery and vein, the former
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was ligated close to the aorta. The blood remaining in the
kidney was washed out by infusion of 20 ml of a 4% solu-
tion of polyvinylpyrrolidone (mol wt 25,000). Subsequently,
both the renal artery and vein were incised and polyethylene
catheters were inserted into them. The kidney was then
removed, placed in a moist chamber having a temperature
of 38° C and perfused by means of a digit pump. The first
20 ml of perfusate were discarded. The perfusion volume
was regulated in such a way as to maintain a constant mean
perfusion pressure of 95 mmHg.
The perfusion fluid consisted of Tyrode's solution, to
which 2%, and in later experiments 4%, purified bovine
albumin was added. Blood was taken by means of a catheter
inserted into the carotid artery of rabbits anesthetized with
ether. Coagulation was prevented by EDTA (0.01 M).
After centrifugation at 4,000 rpm for 10 mm, the erythro-
cytes were washed in Tyrode's solution seven times for
10 mm each time. Subsequently, the red cells were added
to the Tyrode-albumin solution in a ratio of 40:60 to give
a final hematocrit of 40%.
The perfusion system was operated by a continuously
regulated digit pump (Harvard Model No. 1210). All
connections were made by silicone tubes and the whole
system was siliconized. The perfusion fluid running from
the renal vein was collected with a polyvinylchloride funnel
and directly transferred to the oxygenator which was placed
in a water bath of 38° C. The oxygenator was bubbled by a
mixture of 95% 02 and 5% CO2. In the tube connected to the
renal artery, a transducer (Statham P23 dB) was inserted at
the entrance into the kidney and perfusion pressure was con-
tinuously recorded. The perfusate running from the vein
was measured by a photoelectric drop counter and the num-
ber of drops per mm was recorded. Similar equipment
was used to measure the urine volume. The urine was
quantitatively transferred to the oxygenator. The total
volume of the closed system was 50 ml (Fig. 1). The
perfusion volume was 4.02± SD 0.85 ml g1 min1 and
the urine volume was 1.85± SD 0.95 ml min1.
Preparation of substrate. The angiotensinogen that was
to be added to the perfusate was prepared from plasma of
nephrectomized rats or rabbits according to the procedure
described by Haas et al [3]. Rats were bled 24 hours and
rabbits 72 hours after nephrectomy. The concentration of
the substrate corresponded to 100 jig angiotensin/g dry wt.
Renin in the perfusate was assayed according to the micro-
method of Boucher, Ménard and Genest [4].
The substrate for the incubation was prepared from
plasma of nephrectomized rabbits. The renin content of
the kidneys was determined according to the method of
Orth et al [5] and homologous angiotensinogen was used.
P
Fig. 1. Perfusion system of the isolated rabbit kidney. F, pump; 0, oxygenator; C, drop counter; T, transducer. The hatched area
indicates the water bath of 38° C.
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At the time of the removal of the left kidney for perfusion,
the right kidney was also excised, weighed and stored at
—25° C. Upon termination of the perfusion, the left kidney
was weighed and stored at —25° C. Later, the renin content
was determined simultaneously for the right (non-perfused)
and left (perfused) kidneys of the same animal.
In the first series of experiments, after a perfusion period
of 60 mm at a constant perfusion pressure of 95 mmFlg
and a constant perfusion volume, substrate was added to
the perfusate by infusion into the tube connected to the
renal artery. To six groups of seven kidneys each, the
following amounts of substrate were given: I —10 ng/ml,
II — 50 ng/ml, III — 100 ng/ml, IV — 250 ng/ml, V— 500 ng/ml
and VI — 1,000 ng/ml. The increase in perfusion pressure
resulting from the administration of substrate was recorded;
the perfusion volume was kept constant.
In the second series of experiments the release of renin
during perfusion at a constant pressure of 95 mmHg was
followed up in 12 kidneys. In six, samples of the perfusate
were taken 5, 10, 30, 45, 60, and 90 mm after beginning
the perfusion. The perfusion medium was centrifuged and
the supernatant stored at —25° C. In the remaining six
kidneys, the perfusion pressure was reduced to 55 mmHg
at the 45th mm of the perfusion period. Subsequently,
samples of perfusion fluid were taken 50, 60, 75 and 90 mm
after beginning the experiment.
Results
Within the first ten mm after the start of the perfusion
a slight decrease in renal blood flow and an increase in
renal vascular resistance were observed, but subsequently,
both flow and resistance remained at similar levels (Table I).
Addition of angiotensinogen to the perfusion fluid elicited
an increase in renal resistance within 2 to 4 mm. The rise
in perfusion pressure was related to the dose of angiotensino-
Table 1. Response of isolated rabbit kidneys perfused with an
angiotensinogen-free medium of Tyrode-albumia solution and
suspended red cells
Time in mm 51) io 15 3Qb 60° 90°
after start of
perfusioa
59.1 49.9 46.2 44.7 46.4 46.7
Renal vascular 1.58 2.03 2.14 2.37 2.29 2.41
resistance 0.23 0.14 0.18 0.18 0.34
mmHg mt1 mm
a Values are means 5E.
1)N= 16.
° N=7.
50 100 250 500 1000
Rat substrate, ang II, ng/ml
Fig. 2. Increase in intrarena! resistance depending on the amounts
of renin substrate added to the perfusate. Ordinate indicates the
increase in intrarenal resistance in percent; abscissa indicates
the amount of rat substrate.
gen, showing a clear dose-response relationship (Fig. 2).
When the concentration of albumin in the perfusate was
elevated from 2 % to 3 % and S %, renal vascular resistance
even decreased. The amounts of albumin necessary for
such an increase in concentration are much higher than
the amounts of protein added to the perfusion fluid with
the angiotensinogen fraction.
Renin activity in the perfusion fluid increased contin-
uously from the 5th to the 45th mm of the perfusion
period. Afterwards it levelled off until the end of the
experiment at 90 mm (Fig. 3). When the perfusion pressure
was lowered to 55 mmHg, the renin concentration of the
perfusate rose rapidly, reaching values of up to approxi-
mately five times those measured under perfusion at con-
stant pressure (Fig. 3).
Table 2. Renin content of rabbit kidneys expressed as pg angio-
tensin II
Perfusion at
constant pressure of 95 mmHg reduced pressure of 55 mmHg
Renin content of total kidneys Renin content of total kidneys
4ugAII pgAI!
righta left righta left
1363 1820 + 33.6 417 654 +56.9
439 1031 +134.9 636 872 +37.2
1552 2459 + 58.4 907 898 — 0.9
423 930 +120.0 1675 1452 —13.2
224 521 + 132.5 733 767 + 4.6
464 1057 +127.5 956 910 — 4.8
P<0.005 P<0.81)
a Right kidneys were removed before perfusion of left kidneys
was started. Duration of perfusion of left kidneys was 135 mm.
Pressure was reduced to 55 mmFlg after 45 mm of perfusion
at 95 mmHg.
Paired t-test.
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Fig. 3. Effect of lowering the perfusion pressure on the release
of renin from the perfused rabbit kidney. Ordinate indicates
perfusion pressure in mmHg above and amount of renin in the
perfusate below; abscissa indicates time in mm. Dots indicate
kidneys perfused at constant pressure; squares indicate kidneys
perfused with reduced pressure starting at the 45th mm (N= 6).
Upon termination of the perfusion period, the renin
content of the perfused kidneys was determined and the
values were compared with the renin content of the contra-
lateral non-perfused kidneys which had been removed at
the same time as the perfused kidneys. The amounts of
renin found in the non-perfused kidneys varied widely,
this observation confirming the results of other investigators
who have also described considerable variation in renin
extracted from normal rabbit kidneys [6, 71. However, in
the same animal, only small differences between the renin
contents of the two animals were determined [71, a finding
confirmed in preliminary studies in our laboratory. In all
kidneys that had been perfused at a constant pressure, renin
content at the end of the perfusion period was higher than
in the contralateral kidney (P <0.005). On the other hand,
only two of the six kidneys in which perfusion pressure had
been lowered at the 45th mm showed an increase in renin
content. It remained unchanged in the other four (Table 2).
This difference in renin content may, at least in part, be
due to the fact that the kidneys that were perfused at a
low pressure released most of the extractable renin.
Discussion
The perfusion of isolated kidneys from species such as
rats, rabbits or dogs is, in most cases, impeded by a rapid
increase in renal vascular resistance [8—131. The intrarenal
vasoconstriction is especially pronounced when homologous
or heterologous blood is used as perfusion fluid. Various
substances have been considered responsible for this
effect, such as catecholamines, adenosine and peptides
[9, 14, 15]. In order to eliminate the renin-angiotensin
system as a vasoconstrictive factor, a perfusion fluid
virtually free from angiotensinogen was used in our experi-
ments. By this procedure it was possible to perfuse rabbit
kidneys up to five hours without a marked increase in
renal vascular resistance. If, however, small amounts of
homologous or heterologous (rat) angiotensinogen were
added to the perfusion fluid, intrarenal resistance rose,
the degree of the increase depending on the dose of substrate
added to the system. The most pronounced increase in renal
resistance was observed with substrate concentrations of
100 to 500 ng angiotensin per ml. This concentration
corresponds to that determined in the plasma of normal
rabbits.
From these results it may be concluded that the reaction
of renin with its substrate, resulting in the release of angio-
tensin I, contributes to the increase in renal vascular
resistance occurring during perfusion of the isolated kidney
with blood or a fluid containing angiotensinogen. Since
plasma contains converting enzyme, angiotensin I will be
converted rapidly to angiotensin II, which, in the relatively
high doses released during perfusion of the kidney, may
elicit a general vasoconstriction of the renal vascular bed.
If angiotensinogen is added to a plasma-free perfusion
fluid, angiotensin I may be converted to angiotensin II by
converting enzyme present in the kidney or released from
the kidney into the perfusate [16]. For the study of the
function of the isolated perfused kidney, perfusion with an
angiotensinogen-free substrate may be a useful means of
preventing undesirable vasoconstriction.
Perfusion of the kidney over a prolonged period at a
constant pressure revealed an increase in renin concentra-
tion which rose especially between the 15th and the 45th mm
of perfusion. The concentration at 45 mm was about three
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to four times that at 5 mm after the start of the perfusion.
Later, no further increase was observed. It may be assumed
that despite a constant perfusion pressure and oxygen
saturation of the perfusate, the manipulation of the isolated
kidney and its placement within the perfusion system
stimulate the release of renin. A maximum stimulation
for the release of renin into the artificial circulation was
induced by lowering perfusion pressure. This indicates
that under in vitro conditions renin is similarly released
as in the whole animal. In dogs, acute lowering of arterial
blood pressure is rapidly followed by an elevated renin
concentration in the renal vein [17—19]. The rise in renin
concentration in the perfusate, induced by lowering the
perfusion pressure of the isolated rabbit kidney, implies
that a pressure-dependent mechanism is responsible for
the release of renin and acts within the kidney, independent
of extrarenal neural or humoral factors.
The release of renin stimulated by the reduction of
intrarenal pressure may be a significant factor in causing
the initial vasoconstriction often observed in isolated
kidneys perfused with blood. If the renal artery is ligated
before the removal of the kidney, blood is trapped within
the kidney and renin, released in response to the maximum
reduction of perfusion pressure, may react with its substrate
within the kidney. Therefore, in our experiments, blood
was washed from the kidney by injection of a 4% solution
of PVP. This resulted in a diminished initial vasoconstric-
tion.
Despite the large variability of renin content in normal
rabbit kidneys, we found an increase in the amount of
extractable renin in all kidneys after a 90 mm period of
perfusion when compared to the amounts of renin in the
contralateral kidneys of the same animals. Since it is
improbable that the kidneys produced more renin during
the perfusion period, it may be assumed that extractable
renin was made available from either an inactive precursor
or a firmly bound storage form. Thus far, little is known
about the form in which renin is stored in the juxtaglo-
merular cells, where the granules are demonstrable which,
to a certain degree, correspond to the amount of renin
extractable from the kidneys. It was shown that these
granules contain renin [20], but it is unknown whether
renin is also present in a labile pool, not bound to granules,
or whether the granules or other structures contain an
inactive form of renin which can be activated upon demand.
The fact that after a marked stimulation of renin release,
as obtained by lowering the perfusion pressure, no increase
in extractable renin was found at the end of the perfusion
period indicates that the isolated kidney can make available
only limited amounts of renin. So far it has not been
determined if extractable renin can be exhausted by a more
prolonged perfusion at a low pressure.
Reprint requests to F. Gross, Department of Pharmacology,
University of Heidelberg, Hauptstrasse 47—51, D-6900 Heidelberg,
Germany.
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